Abstract Hepatic steatosis is commonly present during the development of insulin resistance, and it is a clear sign of lipotoxicity attributable in part to an accelerated lipogenesis. There is evidence that a soy protein diet prevents the overexpression of hepatic sterol-regulatory element binding protein-1 (SREBP-1), decreasing lipid accumulation. Therefore, the aim of the present work was to study whether a soy protein diet may prevent the development of fatty liver through the regulation of transcription factors involved in lipid metabolism in hyperinsulinemic and hyperleptinemic Zucker obese fa/fa rats. Serum and hepatic cholesterol and triglyceride levels, as well as VLDL-triglyceride and LDL-cholesterol, were significantly lower in rats fed soy protein than in rats fed a casein diet for 160 days. The reduction in hepatic cholesterol was associated with a low expression of liver X receptor-␣ and its target genes, 7-␣ hydroxylase and ABCA1. Obesity and associated diabetes are epidemic throughout the world. Obesity is the leading cause of insulin resistance and hyperinsulinemia, which predispose to glucose intolerance, diabetes, and cardiovascular diseases. As many as 40% of type 2 diabetics develop evidence of hepatic steatosis or fatty liver (1, 2).
Obesity and associated diabetes are epidemic throughout the world. Obesity is the leading cause of insulin resistance and hyperinsulinemia, which predispose to glucose intolerance, diabetes, and cardiovascular diseases. As many as 40% of type 2 diabetics develop evidence of hepatic steatosis or fatty liver (1, 2) .
Several lines of evidence indicate that fatty liver in insulin-resistant states is caused by the activation of the sterolregulatory element binding protein-1c (SREBP-1c), which is increased in response to high insulin levels even in resistant states (3) . SREBP-1c is a member of the family of SREBP membrane-bound transcription factors that activates mainly the transcription of genes involved in fatty acid synthesis (4) . Thus, an increase in SREBP-1c expression increases the rate of lipogenesis in the liver (5) . Analysis of the SREBP1c promoter has revealed an insulin-responsive region that maps to a binding site for liver X receptors (LXRs), suggesting a common pathway of action (6, 7) .
LXRs are nuclear hormone receptors that form active heterodimers with retinoid X receptors. They are activated by oxysterols and serve as key sensors of intracellular sterol levels by regulating the expression of genes that control cholesterol absorption, storage, transport, and elimination (8) . Studies have demonstrated that the addition of the synthetic LXR ligand T0901317 increased the expression of SREBP-1c (9) , indicating that these nuclear receptors provide interregulatory control of the cholesterol and fatty acid metabolism.
Several studies in humans and experimental animals have demonstrated that the ingestion of soy protein reduces serum cholesterol and triglycerides (10) (11) (12) . Furthermore, it has been shown that soy protein consumption also reduces the accumulation of cholesterol and triglycerides in the liver, preventing the development of fatty liver (13) . There is evidence that soy protein regulates the concentration of serum and hepatic lipids by different mechanisms. We have demonstrated that rats fed a soy protein diet can control serum and hepatic lipid concentration by modulating serum insulin concentration (14) . In addition, short-term ingestion of soy protein leads to lower serum insulin concentration compared with rats fed casein, and this response is accompanied by a small increase in hepatic SREBP-1 mRNA (13) . Also, long-term consump-tion of soy protein prevents hyperinsulinemia compared with rats fed casein, which in turn reduces the expression of SREBP-1 mRNA and its target genes FAS and malic enzyme, leading to low lipid hepatic depots of triglycerides and cholesterol (13) .
However, it is not known whether soy protein has the same effect on hepatic steatosis in animal models that develop hyperinsulinemia. The obese male Zucker diabetic rat (ZDF fa/fa) develops hyperglycemia, hyperinsulinemia, hyperlipidemia, mild hypertension, and kidney disease (15) . Because of a mutation in the intracellular domain of the leptin receptor, ZDF fa/fa rats are completely insensitive to the antilipogenic action of leptin (16) . In addition, ZDF fa/fa rats also develop hepatic steatosis, and they have significant increases in triglyceride-rich lipoproteins and LDL-cholesterol. Therefore, the purposes of the present study were to assess whether the consumption of a soy protein diet may prevent the appearance of hepatic lipid abnormalities in the ZDF fa/fa rat and to investigate the mechanisms by which soy protein may regulate the different transcription factors and enzymes involved in lipid metabolism.
EXPERIMENTAL PROCEDURES

Materials and methods
All chemicals used were from Sigma. Nylon membranes (Hybond-XL), the Rediprime DNA labeling kit, and Redivue [ ␣ - 32 
Diets
Diets were administered in dry form and contained 20% casein or soy protein, 5% corn oil, 5% mineral mix, 10% vitamin mix, and 0.0165% choline citrate. Cornstarch and sucrose in a 1:1 proportion were added to complete 100% of diet.
Animals
Five week old male obese homozygous (fa/fa) Zucker diabetic rats from Harlan (Indianapolis, IN) were kept in a room with a 12 h light/dark cycle at 22 Њ C. The day after arrival, rats were placed in individual cages and randomly assigned to the casein or soy protein diet (n ϭ 33). Rats had free access to their experimental diet and were studied in the fasting state. Animals had free access to water and were weighed every other day. Rats were deprived of food overnight before killing on day 0, 30, 60, 90, 120, and 160 by decapitation after being anesthetized with CO 2 . Blood was collected in tubes with gel and clot activator (BD, Franklin Lakes, NJ) and centrifuged at 1,000 g for 10 min, and fasting serum glucose, cholesterol, triglycerides, and insulin were determined. Liver and adipose tissue samples were removed rapidly and immediately frozen and stored at Ϫ 80 Њ C for extraction of total RNA or histological studies. An adipose tissue sample was taken for hematoxylin and eosin staining. The animal protocol was approved by the Animal Committee of the National Institute of Medical Sciences and Nutrition, Mexico City.
Serum measurements
Serum insulin was measured with monoclonal anti-rat insulin radioimmunoassay using the Rat Insulin RIA kit (Linco Research, Inc., St. Charles, MO). Immune complexes were counted with a Cobra II ␥ counter (Packard Instruments, Meriden, CT). Serum glucose was measured by the glucose oxidase method with the Glucose Analyzer II (Beckman Instruments, Fullerton, CA). Serum triglycerides and cholesterol concentrations were assayed using an enzymatic/colorimetric assay kit (SERAPAK; Bayer).
Liver lipids
Total lipids were extracted from 100 mg of tissue according to the method of Folch, Lees, and Sloane-Stanley (17) . Briefly, total lipids from tissues were extracted and homogenized in chloroform-methanol (2:1). The extraction solvent was evaporated, lipids were resuspended in isopropanol and 10% Triton, and triglycerides and cholesterol concentrations were assayed as described above.
Density gradient ultracentrifugation
To characterize the density distributions and lipid composition of the apolipoprotein B-containing lipoproteins, 3 ml of pooled serum (five rats per group) was fractionated by isopycnic density gradient ultracentrifugation using a Beckman SW 40 Ti rotor at 202,000 g for 40 h at 15 Њ C (18) . Briefly, serum density was increased to 1.063 g/ml by the addition of dry, solid KBr. A 0.5 ml cushion of 1.21 g/ml solution was placed at the bottom of the tube followed in order by 2 ml of the density-adjusted serum sample, 1 ml of 1.0464 g/ml solution, 1 ml of 1.0336 g/ml solution, 2 ml of 1.0271 g/ml solution, 2 ml of 1.0197 g/ml solution, 2 ml of 1.0117 g/ml solution, and 2 ml of 1.006 g/ml solution. After centrifugation, the gradient was eluted from the top using a peristaltic pump operating at a flow rate of 0.5 ml/min. Cholesterol and triglycerides were measured in each 0.5 ml fraction as described previously. VLDL-, intermediate density lipoprotein-, and LDL-cholesterol were measured by ultracentrifugation using a sequential procedure.
Histological analysis and Oil Red O staining
Adipose tissue was fixed by immersion in ethanol and embedded in paraffin, and 3 m sections were stained with hematoxylin and eosin. For Oil Red O staining, frozen liver samples were sliced (4 m) and stained in 60% Oil Red O stock solution (0.5 g of Oil Red O in 100 ml of isopropanol) for 5 min. Tissues were washed briefly in 60% polyethylene glycol and then rinsed in distilled water for microscopic observation and photography. Morphological analysis of adipose tissue was performed using the Leica Qwin image-analyzer system on a Leica DMLS microscope.
Isolation of total RNA and Northern blot analysis
Total RNA was isolated from tissues according to Chomczynski and Sacchi (19) . For Northern blot analysis, equal aliquots of total RNA made from each rat liver were pooled (15 g total) and electrophoresed on a 1% agarose gel containing 37% formaldehyde, transferred onto a nylon membrane (Hybond-XL; Amersham Pharmacia) by capillary blotting, and cross-linked with an ultraviolet cross-linker (Amersham). cDNA probes for the rat SREBP-1, peroxisome proliferator-activated receptor ␣ (PPAR ␣ ) and PPAR ␥ , microsomal triglyceride transfer protein (MTP), stearoyl-CoA desaturase (SCD-1), FAS, 7-␣ hydroxylase (CYP7A1), ABCA1, carnitine palmitoyltransferase-1 (CPT-1), and ⌬ 5 and ⌬ 6 desaturases were prepared by reverse transcriptase-polymerase chain reaction with the primers shown in Table 1 . Hybridization conditions and cDNA probe preparations were carried out as described (13) . Digitization of the images and quantitation of the radioactivity of the bands were done using the Instant Imager (Packard Instruments). Membranes were also exposed to Extascan film (Kodak) at Ϫ 70 Њ C with an intensifying screen. 
Multiplex RT-PCR
For quantitative real-time PCR, total RNA was extracted from liver according to Chomczynski and Sacchi (19) and pooled. The first-strand cDNA was synthesized from 100 ng of total RNA with the Multiscribe Master Mix (PE Applied Biosystems). Samples were subjected to quantitative real-time PCR using the TaqMan probe and primer sets for rat LXR-␣ (Rn 00581185-M1). The ABI PRISM 7000 system was used for the reaction and detection (Applied Biosystems). The probe was labeled with FAM at the 5 Ј end and with TAMRA at the 3 Ј end. PCR amplification was performed in a total volume of 25 l containing 30 ng of cDNA sample, 200 nM of each primer, 100 nM LXR probe, and 12.5 l of TaqMan Universal PCR Master Mix. For each reaction, the polymerase was activated by preincubation at 95 Њ C for 10 min. Amplification was then performed by 40 cycles of 95 Њ C for 15 s and 60 Њ C for 60 s. The LXR-␣ cDNA quantity in each sample was normalized to the housekeeping gene for 18 S rRNA. The probes and primers for rat LXR-␣ and 18 S rRNA were obtained from PE Applied Biosystems (Pre-Developed TaqMan Assay Reagents Control Kits). Real-time PCR was carried out in triplicate for each sample.
Preparation and culture of primary rat hepatocytes
Hepatocytes were isolated from rat liver prepared by the collagenase perfusion technique and separated from nonparenchymal liver cells and debris by centrifugation (20) . Cell viability was assessed by the Trypan Blue exclusion test and was always Ͼ 90%. Cells (65,000/cm 2 ) were plated on treated culture dishes (100 mm diameter; Corning, Corning, NY) and maintained in DMEM (Gibco BRL) supplemented with glucose, l -glutamine, pyridoxine hydrochloride, and sodium pyruvate. After 2 h, cells were washed and culture was continued in DMEM containing 10% heat-inactivated fetal bovine serum and 100 mg/ml streptomycin.
Statistical analysis
The results are presented as means Ϯ SEM. Statistical analysis was done by unpaired t -test or by one-way ANOVA followed by Fisher's protected least-square difference test to determine significant differences among groups. Differences were considered significant at P Ͻ 0.05 (Statview statistical analysis program, version 4.5; Abacus Concepts, Berkeley, CA).
RESULTS
To examine the effect of soy protein on hepatic and adipose tissue lipid metabolism in an animal model with hyperinsulinemia and hyperleptinemia, ZDF fa/fa rats were fed a soy protein or casein diet for 30, 60, 90, 120, and 160 d. The average intake of ZDF fa/fa rats fed the casein or soy protein diet was similar during the 160 days of dietary treatment (24.6 Ϯ 2.2 and 24.9 Ϯ 2.4 g/day, respectively). Weight gain was the same in both groups until day 140; however, from day 150 on, rats fed the casein diet began to lose weight compared with rats fed the soy protein diet ( P ϭ 0.004). By day 160, rats fed the casein diet weighed 592 Ϯ 48 g, whereas those fed the soy protein diet weighed 687 Ϯ 22 g ( P Ͻ 0.0004). The difference in weight gain between groups can be explained by a physical deterioration observed in rats fed the casein diet in the last days of the study. Rats showed moderate hyperglycemia during the experimental period, and no significant difference in serum glucose concentration was observed between rats fed casein (9.3 Ϯ 1.1 mmol/l) and rats fed soy protein (7.5 Ϯ 0.6 mmol/l) ( Fig. 1A ) . Fur- thermore, both groups showed hyperinsulinemia from the beginning of the dietary treatment (Fig. 1B) . Nonetheless, serum glucose concentration tended to increase at the end of the study, whereas serum insulin levels decreased. The ZDF fa/fa rats fed both diets showed the highest insulin levels ( ‫ف‬ 40 nmol/l) between days 30 and 90, and no difference was observed between the two groups. By day 120, insulin levels decreased to ‫ف‬ 24 nmol/l. This pattern is probably associated with the progress from the prediabetic/insulinresistant state to overt diabetes (21), perhaps indicating a decrease in the capacity of the pancreas to secrete insulin.
Previous studies in our laboratory demonstrated that soy protein decreases serum and liver lipids. These changes are in part associated with the capacity of soy protein to maintain insulin levels in the normal range. However, it is not known whether soy protein has the same effect on lipids in rats with hyperinsulinemia. Our results showed that soy protein intake maintained the capacity to control blood lipids even during diabetes. Thus, serum cholesterol concentrations in ZDF fa/fa rats fed the casein diet increased over time, reaching the highest concentration at day 160 (14.9 mmol/l), whereas ZDF fa/fa rats fed the soy protein diet showed 69% less serum cholesterol concentration (4.6 mmol/l) (Fig. 1C) . In addition, serum triglyceride concentration in rats fed the soy protein diet was significantly higher than that in rats fed the casein diet until day 90. By day 120, there was no difference between the groups, although by day 160, rats fed the soy protein diet showed 43 (Fig. 1D) . Furthermore, liver cholesterol concentration in rats fed the casein diet was significantly higher than that in rats fed the soy protein diet ( P Ͻ 0.001). By day 160, ZDF fa/fa rats fed the soy protein diet showed a 68% lower concentration of liver cholesterol (0.075 mmol/l) than rats fed the casein diet (0.22 mmol/l) (Fig. 1E) . Similarly, the liver triglyceride concentration of ZDF fa/fa rats fed the soy protein diet was 55% lower than that in rats fed the casein diet at the end of the study (Fig. 1F) . The difference in hepatic lipid accumulation between rats fed soy protein and casein was clearly observed with Oil Red O staining, where liver from ZDF fa/fa rats fed soy protein showed lower lipid accumulation than that in rats fed casein (Fig. 1G, H) .
To study whether the hypolipidemic effect of the soy protein diet in liver, despite the presence of hyperinsulinemia, was related to the expression of different transcription factors and enzymes involved in lipid metabolism, Northern blot analysis was performed to quantitate the concentration of SREBP-1 mRNA by measuring the radioactivity emitted by the bands in an Instant Imager (Packard Instruments). It has been reported that SREBP-1 is regulated by insulin; unexpectedly, however, in the present study, SREBP-1 mRNA abundance in the liver was significantly lower in rats fed soy protein than in rats fed casein, despite the high insulin concentration observed in both groups. On day 160, rats fed soy protein had 43% lower expression of SREBP-1c than rats fed casein ( Fig. 2A ) . SREBP-1 regulates the transcription of lipogenic genes that contain sterol-regulatory elements in their promoter regions. Among other genes regulated by this transcription factor are FAS, SCD-1, and ⌬ 5 and ⌬ 6 desaturases (22-24). As a result of the low SREBP-1 expression in rats fed soy protein, there was a concomitant significant reduction in the expression of FAS, SCD-1, and ⌬ 5 and ⌬ 6 desaturases. Reduction in the expression of these genes was evident beginning on day 30, and by the end of the experimental period, rats fed soy protein had 18, 85, 69, and 40% lower expression of FAS, SCD-1, and ⌬ 5 and ⌬ 6 desaturases, respectively, than rats fed casein ( P Ͻ 0.005) (Fig. 2B) . These results indicate that soy protein reduces the biosynthesis of fatty acids in the liver of ZDF fa/ fa rats.
Nonetheless, the reduction of hepatic lipids by soy protein could also be the result of an increase in fatty acid oxidation. Therefore, we investigated the expression of PPAR ␣, a transcription factor involved in regulating the expression of genes of fatty acid oxidation (25) . The expression of this transcription factor in rats fed the casein diet decreased over time compared with that in rats fed the soy protein diet (Fig. 3A) . Rats fed soy protein showed, at most time points, a significantly higher PPAR␣ mRNA concentration than rats fed casein, indicating higher fatty acid oxidation capacity, which could in part contribute to the lesser accumulation of lipids in the liver. This observation is in agreement with recent work that established, using a low-density cDNA array, that the expression of hepatic PPAR␣ increased in ZDF fa/fa rats fed a soy protein diet (26) . In addition, CPT-1 expression increased significantly over time in rats fed the soy protein diet, whereas rats fed casein showed the opposite pattern (Fig. 3A, B) . On the other hand, the expression of MTP, which is involved in the assembly and secretion of VLDL particles from the liver (27) , showed a decreasing pattern with time in rats fed casein, whereas rats fed soy protein showed the opposite trend (Fig. 3A) . At the end of the study, rats fed soy protein showed a 45% increase in MTP expression compared with those fed casein (P Ͻ 0.05) (Fig. 3B) . The low expression of MTP observed in rats fed casein occurred despite the high serum and hepatic triglyceride concentrations as well as high VLDL-triglyceride and LDL-cholesterol concentrations (Fig. 4A, B) and probably represents a negative feedback mechanism to reduce the formation of hepatic de novo lipoproteins. Furthermore, animals fed soy protein had lower cholesterol and triglycerides in the VLDL particles (Fig. 4A, B) , especially in the VLDL-1 and -2 subclasses (28) (Fig. 4C, D) , and lower cholesterol content of all LDL subclasses compared with rats fed casein (Fig.  4A ). This observation demonstrated that soy protein has hypolipidemic actions in insulin-resistant states.
As mentioned above, SREBP-1 expression is regulated by insulin; however, ZDF fa/fa rats fed soy protein had lower expression of this transcription factor than rats fed casein. This indicates that SREBP-1 expression during diabetes could be modulated by other mechanisms that do not involve insulin. To probe this hypothesis, we first studied whether the changes in SREBP-1 mRNA, attributable to the consumption of the soy protein or casein diet, were associated with changes in the expression of LXR-␣. The expression of this transcription factor was measured by real-time PCR. As observed in Fig. 5 , rats fed soy protein showed a trend toward lower LXR-␣ expression than rats fed casein during the experimental period, and this was significantly different on days 90 and 120 of the study. This suggests that LXR-␣ is partially involved in the regulation of SREBP-1 expression by soy protein in ZDF fa/fa rats. It has been demonstrated that LXR-␣ promotes cholesterol excretion by increasing bile acid synthesis and cholesterol secretion to bile through the induction of CYP7A1 (29) and ABCA1 transporter (30), respectively. As can be seen in Fig. 3A , rats fed the soy protein diet showed lower expression of hepatic ABCA1 and CYP7A1 than rats fed the casein diet. In addition, the low hepatic cholesterol concentrations in rats fed soy protein may reduce the formation of oxysterols, downregulating LXR-␣ activity and decreasing the hepatic expression of genes involved in the reverse transport and elimination of cholesterol.
On the other hand, the hypolipidemic effect of soy protein has been associated with the presence of its isoflavones. To assess whether SREBP-1 was repressed by soy isoflavones, isolated hepatocytes from rats were incubated in the presence of increasing concentrations of genistein and daidzein, the main phytoestrogens found in soy. Figure 6 shows that there was no change in SREBP-1 expression by the addition of different concentrations of isoflavones to the incubation medium, whereas hepatocytes incubated in the presence of insulin increased SREBP-1 mRNA abundance independently of isoflavones.
Finally, SREBP-1 and PPAR␥ gene expression in adipose tissue were also regulated by soy protein consumption. As can be seen in Fig. 7A , SREBP-1 was lower in rats fed soy protein than in rats fed casein, and PPAR␥ was constantly higher in rats fed soy protein than in rats fed casein. Histological analysis of adipose tissue in rats fed the soy pro- 5 . Liver X receptor-␣ (LXR-␣) gene expression in the livers of ZDF fa/fa rats fed 20% soy protein or casein for 30, 60, 90, 120, and 160 days. mRNA abundance was measured by real-time PCR analysis using a TaqMan gene expression assay. LXR-␣ values were normalized using the TaqMan assay for ribosomal 18S in the same reaction (multiplex assay). Values are means Ϯ SEM (n ϭ 5). Asterisks represent a significant difference between casein and soy protein groups at each time point (P Ͻ 0.05).
by guest, on October 21, 2017 www.jlr.org Downloaded from tein diet showed that there were more adipocytes per area but they were smaller than those observed in rats fed the casein diet (Fig. 7B) . These results suggest more hyperplasia in adipose tissue of rats fed soy protein, whereas adipose tissue of rats fed casein showed more hypertrophy attributable to an increased lipogenesis mediated by SREBP-1 (Fig. 7C, D) .
DISCUSSION
As many as 40% of type 2 diabetics or ZDF obese fa/fa rats accumulate significant amounts of triglycerides not only in adipose tissue but also in liver. This leads to hepatic steatosis or "fatty liver," a condition that progresses to hepatic fibrosis and cirrhosis in a subset of individuals (2) . Hepatic steatosis during obesity and insulin resistance occurs as a result of the increased uptake of free fatty acids released from adipose tissue but also, at least in rodents, through an increase in endogenous hepatic fatty acid biosynthesis (3, 31, 32) . Interestingly, our results showed that in ZDF obese fa/fa rats, a soy protein diet ameliorates fatty liver and hepatic cholesterol and triglyceride levels to a greater extent than does a casein diet, despite the fact that the rats had high serum insulin concentrations. The consumption of soy protein reduced hepatic triglyceride levels by 50%, the same extent reported in obese mice with inactivation of SREBP-1c (33) . In addition, dietary soy protein reduced serum cholesterol and triglycerides, accompanied by low LDL-cholesterol and VLDL-triglycerides.
The accumulation of lipids in the liver could be regulated by different transcription factors involved in the expression of genes for fatty acid biosynthesis. SREBP-1c has been established as the principal regulator of hepatic fatty acid biosynthesis (34) . Interestingly, we found that this transcription factor is less abundant in the liver of rats fed soy protein than in rats fed casein. Several studies have demonstrated that insulin regulates the expression of SREBP-1 in liver and in rat primary hepatocytes (35) . We demonstrated, in previous studies, that soy protein consumption prevented postprandial hyperinsulinemia and was associated with a decrease in SREBP-1 expression, whereas the opposite occurred in rats fed casein (13) . In the present study, despite high insulin concentrations in both groups, rats fed soy protein showed lower SREBP-1 expression than rats fed casein. These results clearly suggest that soy protein consumption regulates SREBP-1 expression through an insulin-independent mechanism even in the presence of profound insulin resistance. Evidence is emerging that dietary phytoestrogens play a beneficial role in decreasing serum lipid levels (36), although our results showed that SREBP-1 in cultured hepatocytes was not regulated by the presence of daidzein and genistein, the main isoflavones in soy. These results are in agreement with those described by Shay and colleagues (37) , in which SREBP-1 expression was not affected by isoflavones in HepG2 cells, as well as studies in humans in which the consumption of soy-associated isoflavones was not related to changes in LDL-or HDL-cholesterol (38) . However, there is evidence that SREBP-2 is increased in the presence of isoflavones (37) .
As a result of low hepatic SREBP-1 mRNA concentration in rats fed soy protein, there was a concomitant reduction of FAS mRNA abundance, leading to a decrease in endogenous fatty acid biosynthesis. Additionally, low SREBP-1 expression also reduced the abundance of SCD-1 and ⌬5 and ⌬6 desaturase mRNAs. SCD-1 is one of the enzymes whose expression is increased in ob/ob mice and corrected by leptin administration (22) . SCD-1 mRNA levels were highly increased in ZDF fa/fa rats fed the casein diet, whereas rats fed the soy protein diet showed an ‫%08ف‬ decrease, indicating that this enzyme can be regulated by SREBP-1 in spite of hyperleptinemia. The reduction in SCD-1 expression by soy protein could be associated with subsequent reductions in hepatic lipids and VLDL synthesis. In the liver, fatty acids are esterified with glycerol to form triglycerides or with cholesterol to form cholesteryl esters that can: 1) accumulate, leading to increased hepatic lipid content; 2) be packaged into VLDL for transport to other tissues; or 3) be oxidized. Therefore, if SCD-1 is low, there will be low monosaturated fatty acids, the enzymatic products of SCD-1 required for phospholipid and cholesteryl ester synthesis, leading to low VLDL production.
Adipose tissue secretes several factors that may participate in metabolic cross-talk to other insulin-sensitive tissues (39) . PPAR␥ and SREBP-1 participate in the development of insulin resistance in adipose tissue (33, 40) . PPAR␥, a member of the nuclear hormone receptor superfamily, is required for normal adipocyte differentiation, and SREBP-1 is responsible for lipogenesis. PPAR␥ mRNA expression in adipose tissue was constantly higher in ZDF fa/fa rats fed the soy protein diet than in rats fed the casein diet, and SREBP-1 was higher in rats fed casein than in rats fed soy protein. Also, histological analysis of adipose tissue of rats fed soy protein showed more and smaller adipocytes than those present in rats fed casein. These findings suggest that the consumption of a soy protein diet maintains a lower number of dysfunctional adipocytes than that found in rats fed casein, because the adipose tissue of rats fed soy protein develops less hypertrophy, possibly as a result of low lipogenesis.
Another possible mechanism by which soy protein may regulate lipogenesis and cholesterol homeostasis is through LXRs. One of the proposed target genes for LXR-␣ is CYP7A1, which encodes the enzyme cholesterol 7␣-hydroxylase. Thus, a putative LXR response element was identified in the CYP7A1 promoter. CYP7A1 is the rate-limiting step in the classical pathway for the conversion of cholesterol to bile acids (41) . Our results show that LXR-␣ and CYP7A1 genes were induced in response to hepatic cholesterol levels independent of the insulin concentration, because ZDF fa/fa rats fed the casein diet showed higher hepatic cholesterol and triglyceride levels than those fed the soy protein diet. It has been reported that the expression of the CYP7A1 gene is induced in response to dietary cholesterol, thereby accelerating the conversion of cholesterol to bile acids and promoting a net excretion of cholesterol (42) .
LXRs also activate the transcription of genes that regulate reverse cholesterol transport, including ABCA1 (30) . ABCA1 facilitates the efflux of cholesterol from extrahepatic tissues. ABC transporter family members in the liver also participate in bile formation and lipid metabolism (43) . Hepatic ABCA1 transporter is also involved in the modulation of cholesterol in HDL particles, which in turn regulates hepatic cholesterol content (44) . As shown in Fig. 3A , this transporter was induced in ZDF fa/fa rats fed the casein diet with time, whereas the expression of this gene was less induced and was constant over time in rats fed the soy protein diet. These results support the notion that soy protein regulates cholesterol excretion by modifying bile acid synthesis and cholesterol excretion via LXRs through the control of CYP7A1 and ABCA1 transporter gene expression, depending on hepatic oxysterol concentration.
Finally, we propose that the molecular mechanism for the regulation of SREBP-1 gene expression by soy protein is through the negative regulation of LXR-␣, possibly mediated by hepatic cholesterol concentration in diabetic ZDF fa/fa rats independent of insulin or leptin concentration. This model excludes the direct repression of SREBP-1 by isoflavones. In addition, there is an increase in PPAR␣ and CPT-1 that implies an increase in the oxidation of fatty acids. All of these changes in rats fed soy protein reduce the accumulation of triglycerides and cholesterol in the liver, leading to a reduction of hepatic steatosis.
